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In the last year NASA's Mars science advisory committee (MEPAG: Mars Exploration

Payload Advisory Group) has formally recommended that deep drilling be undertaken as

a priority investigation to meet astrobiology and geology goals (1). This proposed new

dimension in Mars exploration has come about for several reasons. Firstly, geophysical

models of the martian subsurface environment indicate that we may well find liquid

water (in the form of brines) under ground-ice at depths of several kilometers near the

equator. On Earth we invariably find life forms associated with any environmental niche

that supports liquid water. New data from the Mars Global Surveyor have shown that the

most recent volcanism on Mars is very young so we cannot rule out contemporary

volcanism -- in which case subsurface temperatures consistent with having water in its

liquid phase may be found at relatively shallow depths.

Secondly, in recent decades we have learned to our surprise that the Earth's subsurface

(microbial) biosphere extends to depths of many kilometers and this discovery provides

the basis for planning to explore the martian subsurface in search of ancient or even

extant microbial life forms. We know (from Viking measurements) that all the biogenic

elements (C, H, O, N, P, S) are available on Mars. What we therefore hope to learn is

whether or not the evolution of life is inevitable given the necessary ingredients and, by

implication, whether the Universe may be teeming with life.

The feasibility of drilling deep into the surface of Mars has been the subject of increasing

attention within NASA (and more recently among some of its international partners) for

several years and this led to a broad-based feasibility study carried out by the Los Alamos

National Laboratory (2) and, subsequently, to the development of several hardware

prototypes. This paper is intended to provide a general survey of that activity.

First, a little more background on the astrobiology considerations will be provided

beginning with a summary of the results of Steve Clifford's modelling of the martian

subsurface (3). Clifford has concluded that near the martian equator (where the mean

surface temperature is above the frost point of ~200K) the near surface regolith is likely

to be substantially desiccated as a result of the internal temperature gradient and the very

low water vapor pressure in the atmosphere. However, below some hundreds of meters

depth ground ice can persist over geologic time scales and, as the planet, slowly cools can

gradually increase in thickness. This region of ground ice is referred to as the martian

cryosphere. Clifford's modelling of the thermal gradient is based on what we know

about the Earth and the Moon's internal thermal gradients and it leads to the conclusion



thattemperaturesconsistentwith theformationof brinesarelikely to bereachedat a
depthof a few kilometers. It is believedthatsubstantialamountsof watervaporhave
beenoutgassedat thetime of formationof Marsandoverits 4.5billion yearlifetime.
Estimatesof theamountvarybut theequivalentof somehundredsof metersof water
spreadover thewholeplanetisplausible.A majorthrustof NASA's Marsexploration
programis to discover'wherethatwateris today. Somehascertainlyescapedto space
and some is locked in the permanent residual polar caps. Much probably lies beneath the

surface. Today we cannot be sure that the cryosphere is saturated but plausible estimates

suggest that it will be - in which case below the cryosphere there will be additional water

and it will be in liquid form. Any such liquid water will find its way to a geopotential

surface above impermeable basement rocks - perhaps ten kilometers yet further down.

And between this postulated water table and the base of the cryosphere will be a region in

which water vapor can circulate in response to the thermal gradient. It is in this region

that we may plausibly find martian micro-organisms analogous to the "SliME"

(Subsurface Lithoautotrophic Microbial Ecosystem) organisms that Todd Stevens and

Jim McKinley have discovered in the Columbia River basalts (4). Stevens and McKinley

have concluded that their SliMEs are primary producers that use chemical energy through

the weathering of the basalts and derive their carbon from inorganic sources i.e. they are

chemolithoautotrophic organisms.

So, some of the specific questions that can be answered by analyzing samples from the

postulated martian hydrosphere are:

• Can primary production take place at depth on Mars?

- What chemical energy sources are available?

- Are all the biogenic elements appropriately available?

- How much biomass can be supported

• Can such organisms metabolize fast enough to repair damage that would be caused by

radiation over geologic time?

• How small and closed is the ecosystem in question

• Do microbial habitats "migrate" in concert with dynamic hydrothermal system activity?

• Can microbial life flourish for an indefinite time at the boundary between the martian

cryosphere and the putative hydrosphere?

Turning now to the issue of deep drilling, some more background is called for. Most

exploratory drilling is carried out by the petroleum and gas industries where time is

among the most precious resources while mass and power can be more-or-less unlimited.

Generally, bore-holes are drilled using diamond bits and massive amounts of drilling

fluids are used to cool the bit and to flush out the cuttings. The down-hole drill is

typically mounted on a segmented "drill string" where each element is individually added

as the hole gets deeper (and individually taken apart when it is necessary to extract the

string). When the hole is drilled in unstable formations steel casing is used to line the

hole wall. Information about the strata through which the hole has been made can be

provided by logging instruments attached to a cable and cores may be extracted at

intervals for laboratory analysis. Drills can be steered with remarkable precision. Most

drilling involves intensive human oversight given that innumerable problems can be

encountered and solutions depend on the experience and skill of the operators. In recent



yearsvariousadvancesin drilling technologyarebeingintroducedincludingautomation
sothatpotentiallymuchof thedrilling operationcanbecontrolledfrom aremote
location.

Drilling onMarsis obviouslyamajortechnicalchallenge,especiallyin theperiodthat
precedeshumanexploration.Firstly themartianenvironmentis still only minimally
characterizedin termsof whata driller wouldnormallyexpectto know beforebeginning
operations.Jim Blacic of LANL hasdescribedthesituationasthe"ultimatewildcat".
Thiswill beginto changequitesoonbecausegroundpenetratingradardatawill beadded
to thelengtheninglist of remotesensingdatasetswhenESA's MarsExpressorbiter
arrivesatMars in 2004. NASA is alsoplanningfor theuseof suchinstrumentswhich
can,in principle,identify changesin dielectricconstant(i.e.rock/wateror ice/water
boundaries)to depthsof severalkilometers.Networksof seismicsensorswill alsobe
neededandheretooESAis takingtheleadwith its plannedNetlandermission(albeit
theselandersareplannedto makeregionalmeasurementsratherthanthelocalsoundings
thatwill be requiredto helpsitethefirst Marsdeepdrill).

Massandpowerarealsoobviousmajorconstraints.Marsdrilling will haveto becarried
outwithout drilling fluids (exceptperhapscompressedmartianatmosphere)andthetotal
availablemasswill betiny by normalstandards.Holestabilizationwill alsohaveto be
accomplishedwithin thelimitedmassbudget.Likewisewewill nothavemassivepower
generatorsbutarelikely to belimited to solararraypoweror, perhaps,RTGs.

To minimizepowerusetherock comminutionprocesswill haveto beveryefficient and
to this endit is likely thattheboreholewill becreatedby coringratherthanby reducing
all thematerialto cuttings.Coring,onepieceat atime,promisesto bearatherlong and
tediousprocessbut from a sciencepoint of view it will beidealsinceit will providea
completerecordof thestratigraphyof thesite. Coringwill alsoreducetheamountof
cuttingsthatwill haveto beremovedto thesurface- ataskthatis asignificantchallenge
in theabsenceof drilling fluids.

Dry drilling will createproblemsin coolingthebit if aconventionaldiamondbit is
used--which seemsquitelikely (therearemanyalternatives,eachwith their advantages
anddisadvantages).Therateof advanceof thedrill will obviouslyhaveto bevery slow
in comparisonto normalterrestrialpractice,

Theapplicationof sufficientdownforceonthedrill (weight-on-bit)representsanother
challengegiventhelow masssystemandthelessermartiangravity field. Solutions
includeuseof adown-holeunit thatanchorsitself to thebore-holewall sothatdown
forcecanbeappliedlocallyusinganelectricmotor.

And since the holes will be drilled for science purposes it is critical that contamination of

the samples be avoided.

These challenges have been recognized for some time and a systematic analysis has been

made by Jim Blacic and his colleagues at the Los Alamos National Laboratory to try to



determinefrom first principleswhatarethemostpromisingavenuesto pursue.The
rangeandcombinationsof differenttechnicalapproachesexaminedby Blacicet al are
shownin thefollowing tablewhich alsoidentifiesthedocumentcontainingtheir
conclusions.

Candidate Deep Planetary Drilling Technologies

Drilling Method Rock and Soil

Comminution
Drill Conveyance

trface Percussion Drills

_ble deployed Drills

)tary Drills

_wnhole Motor & Rotary
Hammer Drills

ercing soil Drills

_erburden Drilling Systems
tbterranean Moles

t and cavitation Drills

mrmal Spallation Drills

)ck Melting Drills

Mechanical rotary/percussion

Mechanical percussion

Mechanical rotary

Mechanical rotary/percussion

Local formation compaction

Coring, local compaction,
erosion

Local formation compaction

Hydraulic Impact/erosion

Thermal stress spallation
Thermal fusion

T&C :1:drill steel
Umbilical sandline

T&C drill Pipe

Continuous tubing

T&C push rods

Special piercing casing

Self propelled mole/umbilical

Continuous tubing with utilities

Continuous tubing with utilities

Continuous tubing with utilities

From The Third Dimension of Planetary Exploration -- Deep Subsurface Drilling

J. Blacic, D Dreesen, & T. Mockler Los Alamos National Laboratory

http://www.ees4.1anl.gov/mars/

In addition to the many mechanical engineering challenges that must be overcome there

is, of course, the question of whether we can develop sufficiently reliable autonomous

control systems so that the Mars drill (located at round trip light distances of tens of

minutes from Earth) can complete its task without the real-time oversight that is typical

for terrestrial drilling operations. The drill must be set up, the bore-hole initiated and

stabilized as necessary, cores removed and analyzed, directionality maintained, and

cuttings must be disposed of. At no time can the equipment become stuck (a common

enough occurrence in drilling). Nor can we tolerate mechanical failures so the system

must be capable of self-maintenance. Since the strata through which we are drilling will



besubstantiallyunknownthedrill systemmustbeableto anticipatefailure situationsand
recover. And all this must be undertaken while managing a tight power budget and other
consumables.

It is encouraging to note that autonomous spacecraft operations have made a major

advance in the last few years with the flight of the Deep Space One mission whose goal

was to demonstrate a range of new spacecraft technologies (including, especially, ion

propulsion for interplanetary application). DS -1 technology demonstrations included

high-level autonomous spacecraft control using "Remote Agent" software. The remote

agent is model-based and goal-oriented. It consists of several modules working together

with the functions of planning/scheduling; mode identification & recovery; and reactive

executive. Tests were carried out by DS-1 in 1999 and showed that the remote agent

functioned as planned. Specifically the remote agent was presented with three simulated

failures on the spacecraft and correctly handled each event (5). The simulations were: 1)

a failed electronics unit, which remote agent fixed by reactivating the unit; 2) a failed

sensor providing false information, which remote agent recognized as unreliable and

therefore correctly ignored; and 3) an attitude control thruster stuck in the "off' position,

which remote agent detected and compensated for by switching to a mode that did not

depend on that thruster. Problems that will be encountered while conducting drilling

operations will be of a quite different nature but the DS-1 experience points the way to

dealing with them.

The bore-holes that space scientists wish to drill on Mars are substantially smaller in

diameter that a typical industry hole. So, it is expected that miniaturization will be

needed for many of the sensors that will be needed to control the drill (e.g. weight-on-bit,

rate-of-penetration, rotation rate, bit torque, temperature, gas pressure) and to make

down hole measurements of structure and composition (e.g. multi-spectral imager,

gamma ray, neutron/density). These are all challenges that can be met.

It must also be pointed out that the drilling industry (which is understandably reluctant to

publicly share information about their newest technologies) has evidently made much

progress in automating drilling operations - both from the hardware and the software

sides. Remotely controlled semi-autonomous drilling has become the state of the art.

So, the prospects for achieving a highly capable, low mass, low power autonomous Mars

drill appear excellent.

It is hoped that some of the prototype Mars drills will undertake field testing in an

appropriate terrestrial environment (such as the Arctic) over the next several years and

that those systems can incorporate increasing degrees of operational autonomy. Such

experience combined with the results of ESA's Mars Express mission can set the stage

for a major new thrust in the exploration of Mars - one with profound implications for

not only astrobiologists and geologists but also for planning for eventual human

exploration where access to sources of water would have obvious benefits.
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